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Abstract: The corrosive marine environment is a threat to the ultimate strength of steel sandwich 
structures. Therefore, ultimate strength experiments were carried out in three-point bending for beams 
with different corrosion exposure times, i.e. one and two years. Standard laser-welded web-core sandwich 
beams are studied and different corrosion protection systems considered. The beams experienced general 
corrosion. The thickness reduction in unprotected plates and laser welds is around the typical 0.1 mm/year. 
This led to an ultimate strength reduction of 10% and 17% for beams with exposure times of one and two 
years, respectively. The experimental ultimate strength is in agreement with finite element simulations. 
The ultimate strength was maintained for the beams protected with coating or closed-cell polyurethane 
(PU) foam. 
1 Introduction 
Steel sandwich panels bring a reduction in terms of weight and production cost in comparison to the 
traditional stiffened plates in marine structures [1, 2]. Web-core sandwich panels have been used there the 
most. The structure is made of orthogonal plates, which are periodic in the transverse direction and joined 
to the face-plates by laser welding; see Fig. 1. However, besides other factors, their broad application is 
limited by the concern that corrosion may affect the thin plates and thereby reduce the strength of the 
panels unfavourably. This is especially crucial if sea water enters the panel and all the steel surfaces are 
subject to corrosion. 
Several authors have investigated the ultimate strength of web-core sandwich panels. Kolsters [3] 
and Romanoff [4] investigated the local ultimate strength of plate members of the sandwich panel under 
in-plane and out-of-plane loading. Kozak [5] studied the ultimate strength of steel sandwich columns 
under in-plane loading using experimental and numerical methods. The influence of corrosion on steel 
sandwich beams has been investigated in the EU Sandwich project [6] and DNV’s investigation [7]. 
However, these experiments did not consider the ultimate strength. Hence, there is a need to investigate 
the influence of sea water exposure on the ultimate strength of sandwich structures. 
The collapse of structural members is a function of geometrical and material strength properties. 
These properties change as a result of corrosion. Melchers et al. [8] showed that corroded plates have 
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quite a complex surface profile. Boon et al. [9] and Almusallam et al. [10] observed that corrosion 
changes the stress-strain curve. They showed that the ductility becomes reduced and the material does not 
yield but starts strain-hardening from the onset of yielding. Ahmmad and Sumi [11] and Islam and Sumi 
[12] showed experimentally and numerically that the change in the stress-strain curve can be explained 
solely by the geometrical imperfections of the steel surface. These effects have to be accounted for in the 
ultimate strength study of a corroded structure. 
This paper presents a series of ultimate strength tests on corroded web-core steel sandwich beams in 
three-point bending. The corrosion was achieved by submerging the specimens in the Baltic Sea for one 
and two years. Furthermore, different types of corrosion protection systems were used, including a core 
filling with polyurethane (PU) foam. Additionally, beams without corrosion were tested for comparison. 
In order to support the experimental investigation, finite element simulations were performed. In these, 
the plate thickness is considered constant and the material stress-strain curve is modified accordingly. As 
a result, the influence of corrosion on the sandwich beam ultimate strength is presented. 
2 Experimental investigations 
2.1 Beam specimens 
Based on exposure time, three sets of sandwich beams are considered. Four unexposed specimens are 
tested as a reference. Two of these are untreated and two have foam in their core. The two other identical 
sets consisted of five specimens each, which were submerged in sea water for one and two years, 
respectively. These sets included beams with: no protection; paint outside and inside; paint outside and 
foam inside; paint outside and the inhibitor mixed with foam inside, and paint outside and the inhibitor 
applied to the steel surfaces before foam filling inside. The specimen nomenclature and a short 
description are presented in Table 1. 
The nominal thickness of the face- and web-plates is 2.5 mm and 4.0 mm, respectively. The length 
of the beams is 1000 mm and the core height is 40 mm. The width of the beam is 300 mm. The cross-
section of the beam is shown in Fig. 1. The closed-cell PU foam used was Edulan C-1746.2, with a 
density  40 kg/m3 and maximum elastic modulus Ex 8 MPa. Thus, the mechanical properties of the 
foam are low since the aim was only to prevent water from penetrating to the beam core. The surfaces 
were coated with Tikkurila Temacoat RM40 paint and/or protected with the Cortec VpCI-645 corrosion 
inhibitor mixed with the foam or Cortec VpCI-357 applied directly to the metal surfaces. For more details 
on the specimen preparation refer to Aromaa et al. [13]. The initial imperfections of the face-plates were 
measured prior to testing. The shape of the plates was found to be sinusoidal in both the longitudinal and 
transverse directions. The half-wave length was equal to the spacing of the web plates, 120 mm. The 
measured amplitude of imperfections was 0.4 mm (16% of the face-plate thickness). 
 
Fig. 1. The cross-section of the web-core sandwich beam. 
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2.2 Sea water corrosion tests 
The exposed beams were submerged in the Baltic Sea for one and two years. They were placed two 
metres below sea level on a wooden rack positioned vertically to maximise the water flow around and 
inside the specimens as a result of wave motions. The test location was the Isosaari Marine Corrosion 
Station off Helsinki. The sea water is brackish water with a salinity of 4-6‰, which is highest in summer 
and lowest when the ice melts, a pH between 7.0-8.1, and a temperature variation from 0 oC in January to 
15-16 oC from June to August. 
2.3 Experimental set-up and test procedure 
2.3.1 Ultimate strength experiments 
The three-point bending test setup is shown in Fig. 2a. The experiments were displacement controlled. 
These were conducted in two phases. The first phase included two loading cycles of 0-8-0 kN to stabilise 
the force-deflection curves. In the second phase the deflection of the bottom face-plate was increased to 
40 mm while the force was being measured. The ultimate strength was obtained during this process. The 
displacement sensor was located 16 mm away from the middle of the support span and 5 mm away from 
the central laser weld. An example of the beam under testing is shown in Fig 2b. Positioning the beam on 
the supports was performed with an accuracy of ±1 mm in the x-direction. The position of the indenter 
relative to the top face plate was also ±1 mm in the x-direction. More details on the test setup can be 
found in Jelovica et al. [14]. 
a) 
 
b) 
 
Fig. 2. a) Position of the beam and the indenter on the supports; b) Beam during testing. 
2.3.2 Tensile tests and thickness measurements of the face- and web-plates 
The stress-strain relationship for the face- and web-plates was determined with specimens cut out from 
the plastically undeformed parts of the beams, i.e. x= 50 mm to x= 250 mm and from x= 650 mm to x= 
850 mm; see Fig. 3a. The specimens were produced according to DNV’s specifications [15]; see Fig. 3b. 
The loading velocity in the tensile tests was 1.2 mm/min for all specimens. Altogether, 46 specimens 
were tested and the average was calculated separately for each plate and beam specimen. The tests were 
carried out with standard tensile testing equipment; see Jelovica et al. [14]. 
Thickness measurements were conducted on the tensile specimens before the testing. Rust was 
removed from the surfaces by using a steel wire brush on the specimens submerged in a 5% HCl solution. 
The original corroded surface was thus preserved. The thickness was measured with a digital micrometer 
at four and five locations in the width direction for the 2.5-mm- and 4.0-mm-thick specimens, 
respectively. This was repeated every 5 mm along the length of the gauge. The surface roughness of the 
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uncorroded specimens is inherently smoother and thus nine thickness measurements for the whole 
specimen were considered sufficient. 
a) 
 
b) 
 
Fig. 3. a) Cut-out locations for the tensile specimens; b) Dimensions of the tensile specimens. 
3 FE simulations 
The behaviour of beams in three-point bending was simulated with the finite element solver LS-DYNA 
version 971. The simulations were performed for three untreated beams: uncorroded (0e1), one-year 
corroded (1e1) and two-year corroded (2e1). The aim was to support the experimental findings. The 
average stress-strain curves from the tensile tests were used for each face- and web-plate. The stress-
strain curve for the laser-weld was obtained from Jutila [16]. The ultimate strength of the weld is 1100 
MPa and the failure strain is 0.11. Material isotropy was assumed. 
The shell element mesh is shown in Fig. 4a. A velocity of 50 mm/s was assigned to the indenter and 
the nodes at the junction between the top face-plate and the web-plate, below the corners of the indenter. 
There was an initial gap of 0.2 mm between the indenter and the face-plate. This was needed to allow the 
same physical deformations of the plates during the simulation as were observed in the experiments. 
Laser welds connect the nodes of the web and the face-plate; see Fig. 4a. Their thickness is 1.529 mm, 
which is the average of the measurements obtained by Romanoff et al. [17]. Harmonic imperfection field, 
imposed on the top face plate and assumed for all beam specimens, is presented in Fig. 4b. Details of the 
numerical modelling are presented in Appendix A. 
 
Fig. 4. a) FE mesh of the sandwich beam, indenter, and the supports; b) Imperfection field in all beam 
specimens. 
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4 Results 
4.1 Geometrical and material properties of plates 
The average measurements of plate thickness are presented in Table 1. These are graphically shown in 
Fig. 5a in addition to the other quartiles. No pattern of thickness change was observed along the specimen 
length. The thickness measurements are considered accurate since multiple measurements of the same 
point revealed a difference of up to 5 m only. Fig. 5b presents the average thickness reduction per 
surface of the face-plates and inner and outer web-plates. The face-plates show the average corrosion rate 
of 0.08 mm per year. In outer web-plates, it decreases from 0.14 mm after the first year to 0.07 mm after 
the second year. The average corrosion rate is more stable for the inner web-plate, 0.11 mm and 0.10 mm 
after one and two years, respectively. The plates were mainly affected by general corrosion. 
The average engineering stress-strain curves of the plates are presented in Fig. 6. Failure of the 
corroded specimens occurred by shear band formation. The average initial thickness over the width of the 
specimen, at the failure location, was used to determine the cross-sectional area for engineering stress 
calculation. The stress-strain curves were verified with finite element simulations of the tensile tests to 
obtain the corresponding force-elongation relationship. The same mesh size was used as for the sandwich 
beams. All the stress-strain curves, together with the averages, are presented in Appendix B. 
a) 
 
b) 
 
Fig. 5. a) Quartiles of the plate thickness measurements; b) Thickness reduction per surface of the 
unprotected beams. 
a) b) c) 
   
Fig. 6. Average engineering stress-strain curves for a) uncorroded; b) one-year corroded and c) two-year 
corroded beams. 
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4.2 Ultimate strength of beams 
The force versus deflection of the untreated and the painted specimens is presented in Fig. 7.The ultimate 
strength of the uncorroded specimen 0e1 was 60.7 kN. The ultimate strength is defined as the maximum 
force that the beam carried. It decreased to 51.9 kN and 50.4 kN for the one- and two-year corroded 
specimens, respectively. Fig. 7 also shows finite element model simulations of the experiments. The 
simulated force-deflection curve of the uncorroded specimen with imperfections is in very good 
agreement with the experiment; see Fig. 7a. The ultimate strength is over-predicted by 0.9 kN (1.5%). 
The specimen with perfectly flat plates is shown for comparison. The ultimate strength of the one- and 
two-year corroded specimens was over-predicted by 2 kN (3.8%) and 2.5 kN (4.9%), respectively, when 
the average thickness measurements for the plates were used; see Fig. 7b and Fig. 7c. When the thickness 
was reduced by two standard deviations, the simulations under-predicted the ultimate strength by 2.5 kN 
(4.8%) and 4.7 kN (9.3%) in the same respect. Fig. 7d shows that painted beam specimens did not 
experience strength reduction. 
The difference in yield strength between top and bottom face-plates is 40 MPa; see Fig. 6. In the 
uncorroded and two-year corroded specimens the top plate had a higher yield strength. Accidentally, the 
one-year corroded specimen was tested upside down, but the simulations show that an additional 2.7 kN 
are gained by turning the specimen; see Fig. 7b. This means that the ultimate strength of the one-year 
specimen would have been about 54.6 kN if it had been tested in the same way as the other two 
specimens. 
 
 
Fig. 7. Experimental and simulated force-deflection curves for the a) uncorroded (0e1); b) one-year 
corroded (1e1), and c) two-year corroded (2e1) beam. d) Experimental curves for untreated and painted 
beams with different exposure time. 
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 Name 
Exterior 
condition 
Interior condition 
Ultimate 
strength [kN] 
Plate thickness [mm] 
Face-plate Web-plate 
Top Bottom 1 2 3 
Nom.   Nom.   Nom.   Nom.   Nom.   
N
o
 c
o
rr
o
si
o
n
 0e1 Untreated Untreated 60.7 
2.5 
2.494 0.005 
2.5 
2.480 0.008 
4.0 
3.954 0.003 
4.0 
3.975 0.004 
4.0 
3.951 0.003 
0e2 Untreated Untreated 60.1 
0f1 Untreated Foam 63.1 
0f2 Untreated Foam 62.9 
O
n
e-
y
ea
r 
co
rr
o
si
o
n
 
1e1 Untreated Untreated 51.9/54.6* 2.337 0.090 2.327 0.103 3.665 0.036 3.750 0.074 3.670 0.055 
1e2 Paint Paint 59.0 
2.494 0.005 2.480 0.008 3.954 0.003 3.975 0.004 3.951 0.003 
1f1 Paint Foam 60.8 
1f2 Paint Inhibitor mixed with foam 61.4 
1f3 Paint 
Inhibitor on surfaces only 
and filled with foam 
59.4 
T
w
o
-y
ea
r 
co
rr
o
si
o
n
 
2e1 Untreated Untreated 50.4 2.120 0.146 2.232 0.140 3.566 0.080 3.557 0.101 3.516 0.104 
2e2 Paint Paint 59.6 
2.494 0.005 2.480 0.008 3.954 0.003 3.975 0.004 3.951 0.003 
2f1 Paint Foam 60.0 
2f2 Paint Inhibitor mixed with foam 60.0 
2f3 Paint 
Inhibitor on surfaces only 
and filled with foam 
59.4 
Table 1. The nomenclature, ultimate strength, and plate thickness of the beams. 
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The ultimate strength of the specimens is presented in Table 1. The difference between the two 
uncorroded beams is 0.6 kN. The uncorroded specimen had an increase of about 4% in its ultimate 
strength when filled with foam. The protection of the specimens with foam was equally effective in 
preventing the strength reduction for the studied exposure time. However, Fig. 8b and Fig. 8c show foam 
degradation in two-year specimens that have the corrosion inhibitor mixed with foam or applied to the 
inner steel surfaces, respectively. On the other hand, the foam in the specimens with no inhibitor has good 
adhesion to steel surfaces and no voids; see Fig. 8a. 
a) 
 
b) 
 
c) 
 
Fig. 8. Beam cross-section at x= 50 mm for two-year corroded beams protected with paint from outside 
and inside with a) foam applied to clean steel surfaces (2f1); b) foam mixed with inhibitor (2f2); c) foam 
applied to surfaces protected with inhibitor (2f3). 
4.2.1 Sensitivity to the laser weld thickness 
The state of the laser welds from the beams in this study was reported in Aromaa et al. [13]. The most 
significant thickness reduction was 30% for the specimen from the two-year corroded beam (2e1); see 
Fig. 9a. The initial thickness is estimated by the boundary of the heat-affected zone. The sensitivity of the 
ultimate strength to the thickness of the laser weld is presented in Fig. 9b. The results are obtained by 
reducing the weld thickness in FEA. It can be seen that the reduction of 30% of all the welds in the 
specimen resulted in an ultimate strength reduction of 1.4 kN (2.6%). The maximum strain in the laser 
weld at the end of the simulation was 0.1, thus the welds have not failed. 
a) 
 
b) 
 
Fig. 9. a) Laser weld thickness in unprotected beam with two-year exposure time (2e1) – the worst 
observed reduction (Aromaa et al. [13]). Initial thickness is estimated by the boundary of the heat-affected 
zone; b) Ultimate strength sensitivity to laser weld thickness. 
2y
0y
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5 Discussion 
The corrosion rate of the plate surfaces from the unprotected beams was 0.1 mm on average after the first 
year. This is a typical value reported in the literature for immersed plates; see e.g. Melchers [8]. The 
corrosion rate decreased for the second year, to 0.08 mm on average. The decrease can be explained by 
the formation of a protective corrosion product layer on the steel surfaces. The decrease of the corrosion 
rate is anticipated in prominent time-variant corrosion wastage model; see Guedes Soares and Garbatov 
[18]. The corrosion rate meant a 5.5% reduction in the face-plate thickness per year for the beam 
dimensions selected in this study. 
Surface roughness becomes significant in a short period of time. After one year of corrosion, the 
standard deviation of the thickness distribution is equal to the average corrosion rate. After the second 
year, it is about 50% higher. Significant surface roughness was shown by Ahmmad and Sumi [11] to 
cause different stress-strain behaviour. Their study involved tests of tensile specimens with artificial pits 
in uncorroded steel and numerical simulations with solid elements. The same change in the stress-strain 
curve was observed here: ductility (failure strain) was reduced and the strain hardening commenced from 
the onset of yielding. Furthermore, as suggested in [11], the yield and ultimate strength of corroded 
material remain unchanged if they are calculated based on minimum sectional area of the specimen.  
The ultimate strength reduction in three-point bending for the studied beam dimensions was 10% 
and 17% for beams with exposure times of one and two years. This is a rapid decrease in strength, 
considering that the structure should be in use for many more years. Nonetheless, this was the worst-case 
scenario. The beam had no protection from corrosion and was exposed to a water flow not only outside 
but also inside the sandwich beam. With a proper protection from corrosion, such a situation can be 
avoided, as presented in this investigation. Even for structural elements directly exposed to water flow, it 
has been shown that the breakdown of the coating, the most common type of corrosion protection system, 
takes between 2 and 10 years; see Guo et al. [19]. The experiments showed that the efficient protection of 
ultimate strength can be achieved by several corrosion protection systems. However, the corrosion 
inhibitor in combination with foam inside the beam core resulted in foam degradation. 
Finite element simulations of ultimate strength experiments gave a 1.5% difference compared with 
the experimental force-deflection curve for the uncorroded beam. The difference increased to 5% for 
corroded beams when the average plate thickness and stress-strain curve were used; simulations over-
predicted the ultimate strength. When the average plate thickness was decreased by two standard 
deviations (95% confidence interval), the simulations under-predicted the ultimate strength by 9%. 
Ahmmad and Sumi [11] used several solid elements through the plate thickness to accurately simulate the 
stress-strain behaviour of a tensile specimen with artificial pits. Such an approach would have been 
extremely inefficient for the sandwich beam, as presented by Romanoff et al. [20]. Nonetheless, the 
importance of accurate thickness to the ultimate strength is outlined in this study. 
In addition to the plates, corrosion also affected the laser welds, where the reduction of the 
thickness was 30%. This had an effect of 2.6% on the ultimate strength, which is significantly less than 
presented by Romanoff et al. [20]. The reason for this discrepancy is the difference in the load and 
boundary conditions. However, if the corrosion progressed at the speed observed in this investigation, 
more significant strength problems might occur. Therefore, additional experiments are needed with longer 
exposure times. 
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6 Conclusions 
This paper described ultimate strength experiments on web-core sandwich beams in three-point bending. 
The beams were divided into three groups on the basis of the corrosion extent: (i) uncorroded, and 
corroded for a duration of (ii) one and (iii) two years. The experimental ultimate strength is in agreement 
with FE simulations. The following conclusions are outlined: 
 steel sandwich beams are prone to fast strength reduction if the protection against corrosion is 
ineffective and there is water inside and outside the beam; 
 the surfaces of a steel sandwich beam can be successfully protected from corrosion with coating 
and closed-cell PU foam; 
 the use of inhibitor inside the core results in foam degradation and exposes the inner surfaces to 
sea water within two years under the roughest conditions; 
 in longitudinal three-point bending, the sandwich beam is not sensitive to laser weld corrosion 
wastage; 
 FEA shows the importance of considering accurate plate thickness to the ultimate strength of 
corroded steel sandwich beams. 
Appendix A – Details of the FE simulations 
The simulations were carried out using the explicit time integration solver since the problem involves 
contact and large deformation of elements in the post-ultimate region of the response. It is a more robust 
choice than the implicit solver, which may not converge with increasing non-linearities; see Harewood 
and McHugh [21]. The structure was modelled using Belytschko-Lin-Tsay shell elements with five 
integration points through the thickness. This is the default shell element type in LS-DYNA. The stress-
strain curves were implemented through material type 24. The curves were converted into true stress-
strain values using ordinary logarithmic mapping. Standard LS-DYNA hourglass and time step control 
was used. 
The finite element mesh is shown in Fig. 4. A support cylinder is represented as a pair of rigid flat 
rectangular meshes whose centre of rotation corresponds to that in experiments. The only degree of 
freedom allowed is rotation around the y-axis. The indenter is also treated as a rigid part. The lower of the 
two indenter meshes has rounded corners, which are important for contact when large deformations 
occur. All the rotational degrees of freedom are allowed, together with vertical translation. The contact is 
treated through the *CONTACT_AUTOMATIC_SINGLE_SURFACE scheme with an assumed static 
friction coefficient of 0.3; see Richardson and Nolle [22]. The reaction forces between the beam and the 
indenter are obtained via the *CONTACT_FORCE_TRANSDUCER_PENALTY command. 
The mesh size was the following: 20 elements for the face-plate between the neighbouring web-
plates and 12 elements per height of the web-plate. The element length next to the weld was reduced by 
half. This is sufficient to accurately predict the deformed shape of the plates and thus the ultimate strength 
of the beam. Refinement of the mesh size by 50% resulted in only a 1% change in the ultimate strength 
and was therefore not used. 
Appendix B – Stress-strain curves 
The stress-strain relationship of the tested tensile specimens is presented in Fig. B.1a – Fig. B.3b. 
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a) 
 
b) 
 
Fig. B.1. Actual and average engineering stress-strain curves for a) face-plates; b) web-plates of the 
uncorroded beam. 
a) 
 
b) 
 
Fig. B.2. Actual and average engineering stress-strain curves for a) face-plates; b) web-plates of the one-
year corroded beam. 
a) 
 
b) 
 
Fig. B.3. Actual and average engineering stress-strain curves for a) face-plates; b) web-plates of the two-
year corroded beam. 
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